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growth factors, stress, or other Inducers of 
c-Jun acnvicy Such an effect might be com- 
pounded by a slmdar regulation of the Jun 
partner molecule, c-Fos, which also exhlblts 
phosphorylacion-dependent changes of Its 
half-life (16). 
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JNKl and Cdc42L6’ expresslon vectors have been 
described (74). NIH 3T3 ceils were translentty trans- 
fected by calcium phosphate copreaprtatlon (77) 
Punficatton of c-Jun-ublqutlm conlugales and pro- 
tein lmmunoblot analysis were done as described 
(6). Clbiqulttnat!on assays were performed ,n HeLa or 
In NIH 3T3 celfs with ellher Hs,-laglged or HA- 
tagged c-Jun expresslon vectors with essentlalty 
ldentlcal results (compare Figs. 1 and 21. 
HIS,-ragged c-Jun expresston vectors have been de- 
scribed (6) c-Jun *-HIS, and C-JunM-HI!;, eukaryotlc 
expresslon vectors were generated as described for 
t&,-tagged wild-type c-Jun (1 I) The c-Jur+@ mutant 
contains alanine resrdues In place of sennes or threo- 
nines at posttlon 58, 62,63, 73,89, 90.91, 93, and 95. 
c-J&w contains asparlc acid residues ~11 place of the 
sennes and thraonnes al pos&n 56, 62, 63, 73, 91, 
and 93. The hemagglutlnln (HA)-tagged ubqult+n eu- 
karyotlc expression vector, Hela thymidlne kHlase-neg- 
a&e (TK-) call transfectlons. purtflcatlon of Jun-ubq- 
u!tm conftgates. and lmmunoblot analyss were as de- 
scribed (6) 
The cytomegalovrrus-based expresston vectors tot 
HA-tagged c-Jun and JNKl have been described (6. 
14) The c-Jun substltutlon mutants were generated 
as described (I 1). NIH 3T3 cells were transfected by 
calcium phosphate prectpltatton (17) v&h 0 25 pg of 
the respective c-Jun expressnon vector and 3 cg of 
JNK expesslon vector as rndlcated After 24 hours, 
cells were radtoactlvefy labeled for 30 rnln with 75 
~CI ot 35S-methlonlne and 35S-cyste#ne per rnllltllter 
of medium, followed by lncubatlon m  a medrum that 
contatned 2 m M  each of unlabeled methonane and 
cystetne for 0,90. 180, or 270 min. The cefls lhat had 
been transfected wllh the JNKl expressjon vector 
were treated with 10 m M  anlsomycm during the la- 
beling Jnd chase periods to Induce klnase acttvlty 
Cells were lysed In RIPA bulfer (10 m M  111s (pH 7 5). 
45 m M  @-glycerophosphate. 50 m M  NaF, 5 m M  
sodium molybdate, 0 1% SDS, 1 m M  EDTA. 1% 
NP-40, 0 5% deoxycholate) supplemen~ted with 1 
m M  phenylmethylsulfonyl f iuondeand 10 mg each of 
leupeptln, aprotlnln. and pepstatln per rnilllkter of 
buffer Samples containlng equal amounts of actd- 

402 

Insoluble radioactiwty were Incubated with protein 
G-and protern A- agarose (Oncogene Science) and 
then incubated with the monoclonal antIbody 12CA5 
to HA Precipitates were collected on protein G-and 21 
protein A-agarose, washed once with buffer A  [IO 
m M  tns (pH 7 5). 45 m M  P-glycerophosphate, 50 
m M  NaF. 5 m M  sodium moiybdate. 0.1% SDS, 1 
m M  EDTA, 0.5% NP-401. once with buffer B  [lo m M  
tns (pH 7.5), 410 m M  NaCI. 45 m M  p-giycerophos- 
phate. 0 1% SDS, 1 m M  EDTA, 0 5% NP-401, once 

with 10 m M  tns (PH 7 5). and analyzed by SDS- 
pofyacfylamlde gel efectrophores (PAGE, 10% gel) 
and autorawraphy 
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Transmission of the BSE Agent to M ice in the 
Absence of Detectable Abnormal Prion Protein 

Corinne I. Lasm&as,* Jean-Philippe Deslys, Olivier Robain, 
Alexandre Jaegly, Vincent Beringue, Jean-Michel Peyrin, 
Jean-Guy Fournier, Jean-Jacques Hauw, Jean Rossier, 

Dominique Dormont 

The agent responsible foriransmissible spongiform encephalopathies ( TSEs) is thought 
to be a malfolded, protease-resistant version (PrPres) of the normal cellular prion protein 
(PrP). The interspecies transmission of bovine spongiform encephalopathy (BSE) to mice 
was studied. Although all of the mice injected with homogenate from BSE-infected cattle 
brain exhibited neurological symptoms and neuronal death, more than 55 percent had 
no detectable PrPres. During serial passage, PrPres appeared after the agent became 
adapted to the new host. Thus, PrPres may be involved in species adaptation, but a 
further unidentified agent may actually transmit BSE. 

One of the dlscmct features of the BSE 
agent IS Its high ablhty to Infect other spe- 
cles (l-3), whereas other TSE agents are 
easdy transmmed only wlrhm a species. 
Thts spectes barrier leads to conslderable 
prolongation of the mcubatlon perrod dur- 
mg mterspectes transmlsslon (4). Durmg 
subsequent expenmencal passages, TSE 
agents adapt to the new host: the mcuba- 
non period shortens and stable pathological 
properries are acquired (5). According to 
the pnon hypochesls, PrPres (the patholog- 
Ical, procease-reslstant lsoform of the pnon 
procem) constitutes the mfectlous agent in 
TSEs, and replicanon mvolves the homo- 
typrc mleractlon between a pathological 
PrP molecule and the endogenous native 
protein to produce a conformational con- 
version to rhe abnormal Isoform. The mag- 
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rutude of the species barrier would thus be a 
condition of the extent of congruency be- 
tween the PrP of the donor species and that 
of the new host (6). However, chts mecha- 
nism cannot account for the exceptIona 
abihcy of the BSE agenc co cross the species 
barrier. This agent has onginal propernes 
and is suspected co have contaminated hu- 
mans (2, 7). Thus, we exammed BSE trans- 
mrssion and PrPres during primary cransmls- 
slon to mice and in subsequent passages to 
other mice. 

Thlrcy C57BL/6 mice were moculacecl by 
mcracerebral InJection of a 25Yo BSE-infected 
cattle bram homogenate. After 368 to 719 
days, all of the mocuiaced animals exhlblred 
symptoms of a neurological disease encom- 
passmg mamly hindhmb paralysis, tremors, 
hypersensitivity to snmulatton, apathy, and a 
hunched posture. Biochemtcal analysrs of 
their brams showed no detectable PrPres ac- 
cumulanon m  more than 55% of the mice; 
these mice were termed PrPtes- (Figs. 1 and 2) 
(8). Hiscologlcal exammanon revealed neuro- 
nal death m  all mice, but other classical 
changes assoctaced with TSEs--that IS, neu- 
ronat vacuolation and astrocytosls-were Ilm- 
ited to the “tPres+ mace (FIN. 3). Neuronal 
loss was most obvious m  the Purkinje celh of 
the cerebellum, but degenerated neurons were 
also observed, to a smaller extent, m  the CA1 
region of the hlppocampus. No sign of local 
mflammanon was present. Electron uucro- 
scopic exammatlon of degenerated cells 



The PrPres- mice were infected with a 
TSE agent because they could transmit a dis- 
ease exhibitmg the classical features of TSE, 
that is, P&es accumulatton and spongiform 
l,esions (Fig. 2). The brains of PrPres+ mice 
((for example, BI) and PrPres- mice (for ex- 
ample, 84) were used to maculate a second 
series of mice. Most of the mice moouiated 
with P&es- brams developed a classlcall TSE, 
but a few presented the PrPres- pattern again 
and the Incubation periods remained spread. 
However, as was observed at primary passage, 
PrPres+ and PrPres- mice had the same range 
of Incubation periods (Fig. 2) (10). Transmis- 
slon from PrPres+ mice led to an Important 
reduction of mcubation time that was very 
homogeneous (I 67 2 2 days, mean -f SEM) 
with detectable PrPres m  all mice (fig. 2). 

A rhlrd passage was performed with one 
mouse from the Bl l ineage and two mlc’e from 
the B4 lineage, only one of which had detect- 
able PrPres (fg. 2). After tnoculatloln with 
the PrPres- brain, incubation periods were 
shortened and less vanable and all but one of 
the mice had detectable PrPres at the terml- 
nal stage of disease. Transmission from 

Jp 
rPres + mice gave very similar mcubatlon 

,/ penods, whether originally tnoculated with 
brain homogenate from the PrPres- or 
PrPres + Imeages. Fmally, as a result of this 
third passage, the PrPres- pattern had almost 
disappeared (Fig. 2). Thus, the PrPres+ pat- 
tern had a selective advantage and was asso- 
elated with the short and homogeneous incu- 
batton periods. Therefore, PrPres could be 
associated with rhe adaptatron of the agent to 
Its new host. 

Because we were able to transmit a TSE 
agent without detectable PrPres upon three 
passages, infectivny and PrPres can be disso- 
ciated [see also (1 I)]. The similarity of the 
clmical signs m PrPres- and PrPres+ mice 
suggests that neuronal death was the major 
detetmrnant of central nervous system func- 
tion impairment. However, the presence of 
spongiform lesions and overt gliosls was di- 
rectly linked to that of PrPres (I 2). The role 
of PrPres m  the pathogenesis of cerebral dam- 
age has been shown in VKTO (13), as has the 
requirement for normal PrP in the develop- 
ment of disease and pathological lestsons (14, 
15). Thus, PrPres IS clearly mvolved m  the 
pathogenic process of TSEs. However, It may 
not be the transmlsslble component of the 
Infectious agent. 

This concept IS supported by the multi- 
plickty of TSE strains. + 

um&gq+hetwtypicchanges 
b&agle&ak( 18). Finally, when mice 
lacking PrP were inoculated with either the 
Chandler scrapie strain or the mouse-adapt- 
ed Fukuoka-1 strain of Creutzfeldt-Jakob 
disease, they did not develop chmcal dis- 
ease, but several hratns contained a trans- 
mlssible agent 20 weeks after inoculation 
(14, 19). 

.~&WI&W.TJ ease96 mterspetGes&rg~smK- 
w.06, the BSE. agent, / the hypoche&xI 
&sLens;G,*;,pf an infectious agena inzzddi- 
tieta-,&Pres becomes. .more.&kel~h 
viuaw-ofrhe compkxrty of TSE strairwprop- 
e&s,,,Lhis agent may be a nuclew acid. 
Moreover, out results suggest a pathogenic _ 
mechanism that may account for the pe- 
culiar efficacy of the BSE agent in cross;g 
the species barrier. The BSE agent is vir- 
ulent enough to rephcate In the new host 

Fig. 1. (A and B) PrPres 
detectlon by protein in- 
munoblot (26). In (A), 
brains of mice at the ter- 
minal stage of the dis- 
ease (4 mg braln equlva- 
tent) were analvzed. Bl . 

t-30 k0 

4-21.5 kD 

Bid, 86, and’B4, first 
passage from cattle brain; 2PB4-1. second passage 
irom 84 mouse; Control, negative contrd brain (mouse 
Inoculated with the brain of a healthy cow and killed 800 
days after Inoculation without clinical signs): Pos, brain 
pool of mice at terminal stage of experimental scrapie 
(strain C506M3); Pas/x, dilutions of posttive control. In 

:::.::. 

PKtw’ml) 0 
col 

(B), under conditions of maximal sensitiwty, the PrPres 
signal can be detected at a 1: 10,000 dilution of the positive control (2.5 pg brain equivalent). Pas, 
control, and PrPres- samples correspond to 25 mg brain equivalent. (C) Similar degradation pattern of 
PrP wtth a range of doses of PK  in a normal mouse brain and a PrPres- brain, showing the absence of 
PrPres with less resistance to protease than usual in PrPres- brans (27). 

Fig. 2. Transmission fea- 
tures of BSE Into mice at 
first, second, and thrrd pas- 
sage (28). l-its&grams rep- 
resent the amount of PrPres 
(expressed as a percentage 
of the positive control) in the 
brains of mice at the termtnal 
stage of neurological dis- 
ease. Diamonds represent 
the incubation period for 
each indlviduat mouse test- 
ed for PrPres. The positive 
control corresponds to a 
brain pool of mice at the ter- 
mlnal stage of experimental 
scrapie (strain C506M3). At 
primary passage, indtvidual 
mice were scored from 81 
to B30 according to their in- 
cubatron periods. The bralns 
of 82, B3. 826, and 827 
could not be analyzed and 
are not represented. The 
brains of 81 and 84 were 
inoculated to a second se- 
ries of mice called, respec- 
tlvely, 2PBl and 2PB4. At 
third passage, Jhe reclplent 
mice were called. respec- 
tlvely, 3PBf and 3PB4. Sec- 
ond passages were also 
performed with 66. BlO, 
and El 5 and are not shown 

P 
850 Primary passage 3 l 

.,*.**** 
l + 

i 750 

a 650 .= 
3 100 +*+**.*~o~*-~ 450 550 L: g 

3 IO 350 B  
3 1 1250 d 
1 0.1 L150 2 
It 0.01 + 

4 

Second passagh 
01 mouse ,mc”luum B4 mouse -klm 

1 t , 1 z 
. l r650$ 

Third passage 
~PB4., -lA 

3 
2PBt-1 ZPfu-2 $ 

s 
moUI* kwc*m mD”f* l”Oc”l”rn 
11 

5 100 
$ r 10 
T) 1 
3 01 
c 0.01 
0. 

for the sake of clarity, they were consstent with the passages from El and 84 

SCIENCE l VOL 275 l 17 JANUARY 1997 403 



, 
A  

lions made n PrP+m mice that PrPres eccumufetiin 
and spongiform lesions reach their max imum ex- 
tents more than 6 months before Me animals dre. 
hence they are dissociated from clinical COndltKm 
and death (23). 

13. G. Forloru et al.. Nature 362. 543 (1993); W. E. (3. 
MMeret al.. E M  J PharmacoL 246, 261 (1993). 

14. H.B~eretal..Cell73,1339(1993);S.Sakaguchiet 
al., J. Wro/. 69. 7586 (1995). 

15. S. Brarutner et al.. Nature 379,339 (1996). 
16. M.  E. Bruce, Br. Med. Bull. 49, 822 (1993). 
17. C. I. Lasmbzasetal. J. Gan. !/lo/. 77, 1601 (1996). 
18. M.  E. BruceadA. G. DMnson,abid 68,79(1987). 
19. No scrapie agent was detected from the 2nd to the 

12th week after ircculatron; ttus apparentty excludes 
the poss~tnlrty that sequestered original inoculum 
was respons6le for the infectiwty found at 20 weeks. 

20. G. A. Ii. Wells and J. W. Wilesmith. Brarn Pa&of. 5. 

fig. 3. Histological examination of the brains of 
mice at the terminal stage of disease (29). (A and 
6) Toluidine blue stamlng in the cerebellum of a 
PrPres+ mouse (A) and a PrPres- mouse (B). 
Note the Purkinle cell layer with normal and de- 
generated cells. Vacuoles III the internal granular 
layer were seen only In the PrPres+ mouse. These 
lesions were not seen m  aged control mice. Scale 
bar, 20 pm. (C and 0) lmmunohistochemistry for 
GFAP tn the thalamus of a PrPres+ mouse (C)and 
a PrPres- mouse (D). The dark stainmg of proto- 

lasmlc astrocytes and the presence of vacuoles 

9 
ere seen only in the PrPres’ mouse. Scale bar, 

_’ 20 pm. (E) Electron microscopic examination of 
an apoptotic Purkinje cell in the cerebellum of a 
PrPres- mouse (30). Note the clumping and marglnalization of the chromatln, as well as the normal 
aspect of the nuclear membrane (arrows) and cytoplasmc organelles (arrowheads show the Golgt 
apparatus and mitochondria). Scale bar, 0.5 Frn. 

wIthout PrPres accumulat,on. Hence, it IS 
not elimmated, and during replicatkon the 
agent may acquxe the capacity co convert 
the new host PrP mto PrPres. As a result 
of this adaptanon, the transmissible agent 
would be tightly associated with P&es, 
which would confer enhanced virulence 
and Induce the development of classical 
spongiform lesions. 
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or in Araldite (4-Frn sections) for fk-re morphofogrcel 
exammatlon. AntIbodies were a mclond antbody 
to mouse glral ftInlfary acidic protern (GFAP) and a 
horseradsh peroxtdase-conjugated secondary anti- 
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body (Dako). Seven Peres- and SIX PrPres+ bratflS 
‘were examtned. Spongiform lesK)ns and gliosls 
could not be seen m  any brarn region of PrPres- 
mice The absence of localrzed PrPres deposits ‘was 
conformed by PrP tmmunohistochemlstry 

30 Whole bratn hemispheres were hxed overnight wrth a 
solution of 1% glutaraldehyde and 1% parafonnal- 
dehyde m  0 12 M  phosphate buffer (pH 7 4). Atter 1 
Ihour posttlxatron wrth 2% osmic acld. they were 
slaIned en bloc with uranyl acetate and embedded m  
Araldite Ultralhln sectw)ns were stained wth Ufanyl 

,......... __ .- .,... _ ,-. I-i , -. \ .(- . . 
.*...,:. ’ : i 

!V. .-i.;* /_ .^,. .A j I .I- ’ . . 

acetate and lead citrate More examinatran with a 
Phrftps CM10 electron nucroscope 

31 We thank R. Bradlev for BSE-mfected cattle brain 
homogenate, C. We&smann and R. H. K~maerl~n for 
helpful dtscusslons. and R Rroux and J. C Mascaro 
for expert animal care We also thank P Frttch and 
M  Wasowcz. as well as L. Court, wno encouraged 
our research on TSE Supported by a grant from 
0 R.E T (Paris). 
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Potency of Combined Estrogenic Pesticides 

sceven F. Arnold et al found 1% to 
I 6OO-fold synerglsttc mteraccions between 
binary mixtures of the weakly esrrogenlc 
pestrcides endosuifan, dleldrin, toxa- 
phene, and chlordane in competltivt: es- 
trogen receptor (ER) bmdmg assays and tn 
an estrogen-responsive assay m yeast (1). 
Less dramatlc synergistic mreractlons he- 
tween two weakly esrrogenic hydroxy 
polychlorinated biphenyl congeners were 
also observed m the yeast assay and in 

man endomecrlal cancer cells. On  the 

‘9 

IS of these data, it was suggested “that 

” 
le estrogenlc potency of some environ- 

mental chemicals, when tested srngly, may 
be underestm~atecl” (1, p 1491). The pur- 
ported synerglstlc mteractlons of chest 
compounds have Important mechanlstlc 
and pubhc health consequences (2). We 
reassessed the pocenclal synerglstrc Inter- 
actions of two weakly escrogemc pestl- 
ctdes, dieldrin and toxaphene, USIII:< the 
following estrogen-responsive assays: m- 
ductlon oi utertnr wet weqht, progester- 
one receptor (PR) levels and uterine per- 
oxrdase acclvlty In the m~mature female 
mouse; mductron of cell growth and two 
estrogen-responsive reporter gene assays in 
:MCF-7 human breast cancer cells; induc- 
tion of reporter gene activities m two 
yeast-based assays that expressed either 
rhe human or mouse ER, and competlt1ve 
bmdmg to human and mouse ER. For 
these 10 different estrogen-responsive as- 
says, the comhmed acttvltles of dieldrm 
plus coxaphene were essentially additive. 
M oreovel, InteractIons of all the bmary 
mixtures of organochlorme pestlcldes re- 
ported by Arnold et nl. (1) were remves- 
tlgated In the two yeast-based assays. 

I$ 

The results we ohtamed m yeast trans- 
med with an expressIon plasmid that 

ontamed the wild-type mouse ER and a 
reporter plasmld contammg a srng’le ERE 
linked ro the LacZ gene (3) indicate that 
the estrogenlc actlvttles of all the brnarv 
mixtures of organochtorine pestictdrs were 

addltlve These same bmary m~xturrb were 
also Investigated In a yeast-based human 
ER assay (+), which used the same yeast 
stram and reporter gene construct used by 
Arnold et al ( I ). In contrast to that study, 
synergistic activity was not observed for 
any pestlctde combinaclon. The dlffefelenc- 
es between our results and chose reported 
by Arnold et nl. (1) cannot be accormred 
for by differences m total ER expression, 
because varying this expression did not 
have any affect on synergy. These results 
demonstrate that synergrsm between 
weakly estrogemc chemicals IS not unwer- 
sal, even within the same stram of yeast. 
The recent sclentlhc, regulatory, and pub- 
lic concern regarding the potenclal ad- 
verse envlronmenral and human health 
Impacts from synergistic estrogen iespons- 
es Induced by organochlorme pesticide 
mrxtures should be tempered by OUI re- 
sults, whrch demonstrate thar these com- 
pounds are weakly estrogenlc and, III com- 
bmation, their- acttvltres arp addltlve (5). 
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Response: It IS difficult tc’j compare the re- 
sults of the study by Ramamoorthy et nl. to 
ours because the assays they nscd, whlltl 
appearmg to be similar to ours, were m each 
case different. The differences, however. 
have been mstrucnve 111 helptng IIS hame 
some of the parameters chat may be Impor- 
tant In cletermmmg the synergwc ,lction of 
weakly estrogenlc chemicals. 

In our mammalian and yeast cell assays 
(I ), as well as tn the hgand-bmding esper- 
rments, the concentratton of receptor mol- 
ccules was low, while m the study by Ra- 
mamoorthi et (11. the concentraclons were 
high. For example, our mammalian cell cul- 
cure experunencs used Ishtkawa uterme can- 
cer cells that lack detectable ER and were 
transfecred with only LO ng of hER cDNA. 
In contrast, Ramamoorthy et nf used 
MCF-7 breast cancer cells that contamed 
high levels oiendogenous ERs [MCF-7 cells 
typIcally contam endogenous ER lcvcls in 
the range of 3L7,OOO ERs per- cell (2) to 
200,000 ERs per cell (3)] and that were 
cran&cted wth an addltlonal 4 to 5 pg of 
hER cDNA LIkewIse, m rhe yeast-based 
assay used II> our report, the number oi 
expressed hERs was esclmated to be 500 to 
1000 receptors per cell. but the study by 
Ramamoorrhy L’C al appears to contatn well 
111 excess of 1000 ERs per cell. Fmally, our 
in vlrro competitive binding condrtrons 
used 0.4 nM concentmnons of ERs (mono- 
mer concentrations), whereas the concen- 
tratron of ER used by Ramamoorthy et ul 
was considerably higher and the assays were 
not performed according to our report ( I) 
Therefore, hecause our results showed syn.- 
ergy ancl theirs did not, ER concentratlqn 
may play an unportant role in the dxl~ty of 
mixtures of chemicals to synergize. 

Wrth regard to the animal studies, our 
earlier work showed synergtscic responses to 
weakly estrogemc chemicals m turtles that 
were treated early III development (4). Thz 
study by Ramamoorthy er al. was performed 
m the uterus of female mice that had al- 
ready undergone sexual drfferent~aclon. Our  
contentlon has been that developmentally 
CqXWd animals are Inore likely to demon- 
strate synerglstlc responses to estrogenic 
chemicals. Nonetheless, mspectton of rhc 
data provided by Ramamoorthy et &. sug- 

SCIENCE l VOL. 275 l 17 JANCJARI’ 1097 405 


